Abstract. One-step reactive extrusion-calendering process (REX-Calendering) was used in order to obtain sheets of 1mm from two PD,L-LA extrusion grades modified with a styrene-acrylic multifunctional oligomeric agent. In a preliminary internal mixer study, torque versus time was monitored in order to determine chain extender ratios and reaction time. Once all parameters were optimized, reactive extrusion experiments were performed. Independently of the processing method employed, under the same processing conditions, PD,L-LA with the lower D enantiomer molar content revealed a higher reactivity towards the reactive agent, induced by its higher thermal sensitivity. REXCalendering process seemed to minimize the degradations reactions during processing, although a competition between degradation and chain extension/branching reactions took place in both processes. Finally, the rheological characterization revealed a higher degree of modification in the melt rheological behaviour for REX-Calendered samples.
Introduction
Poly(D,L-Lactide) (PD,L-LA) is well known to be a biodegradable and biocompatible polymer available from renewable resources. In the beginning, it was mainly used for medical applications due to its high fabrication costs but now PD,L-LA polymers have finally found a commercial application in single use disposal items due to its low price compared with other biodegradable polymers. However, its brittle nature reduces its use to very limited applications and its poor melt strength limits specific processes such as film blowing or foaming [1] .
As well as many aliphatic polyesters, PD,L-LA is subject to some thermal degradations and instabilities above its melting temperature, especially during processing. Radical and non-radical reactions are proposed to explain the various and complex mechanisms that could occur during processing, leading to a reduction of the molecular weight and viscosity. As a result, a general decrease of the material properties is expected [2] . Several authors [3, 4] reported that the residual water or moisture content inside the polymer matrix activates hydrolysis reactions (Figure 1a ) implying the split-up of the ester linkage into alcohol and acid carboxylic groups. Doi et al. [5] as well as Yu et al. [6] argued that thermal and hydrolysis reactions for biocopolymers could be generated by random chain scission reactions of the ester groups following a mathematical model depending on its own composition. Coupled with these two last mechanisms, intra-( Figure 1c ) and intermolecular ( Figure 1d ) transesterification reactions could also cause a drop in molecular weight at longer reaction times [7, 8] . In fact, backbiting effect (zip-like depolymerization, see Figure 1b ) leads to the formation of cyclic oligomers (lactide) and lactic acid which is catalyzed by the presence of monomers, oligomers or hydroxyl groups. Pyrolysis mechanisms should also be considered but at high temperatures (>300ºC) where cis-elimination ( Figure 1e ) gives rise to the formation of carboxylic acid groups and a polymer chain containing acryloyl groups [9] . The extrusion process can take advantage of these degradation reaction products when combined with reactive agents, promotes polymerization (chain extension), grafting, branching and functionalization [10] . On one side, reactive extrusion is an attractive way to minimize the degradation effects during processing and to enlarge its processing window. On the other side, Corre et al. [11] as well as Pilla et al. [12] reported that chain architecture modification by chain branching enhances PLA melt properties. Chain branching degree depends on the functionality of the reactive agent and generally leads to an increase in molecular weight. A new aspect that arises in this communication, in comparison with previous works [11, 12] on this subject, was the production of structural modified PD,L-LA sheets through a one-step reactive extrusion-calendering process (REX-Calendering) in a pilot plant. The main goal is to obtain sheets that could be used directly in the fabrication of thermoformed packaging and the evaluations of their final performances (melt rheology, thermal, mechanical and fracture behaviour). The present communication shows the scaling up from an internal mixer study to a one step reactive extrusion-calendering process of two PD,L-LA extrusion grades, modified by a styrene-acrylic multifunctional oligomeric agent (SAmfE). The assessment of possible changes in the molecular weight and melt rheology is the aim of this publication. A one-step REX-Calendering process using PD,L-LA and SAmfE has not yet been described in literature to the best of our knowledge.
Experimental 2.1. Materials
Two PD,L-LA extrusion grades supplied by NatureWorks ® (Arendonk, Belgium) were used in this study whose characteristics are described in Table 1 [13, 14] . A styrene-acrylic multi-functional-epoxide oligomeric agent (SAmfE) was used as reactive agent, supplied by BASF ® (Ludwigshafen, Germany) (Joncryl-ADR-4300F) in flake form with a molecular weight of 5443 g·mol -1 , an epoxy equivalent weight of 433 g·mol -1 and T g = 56°C. The food compliance was delivered by the European Union for its use in food packaging. Figure 2 shows its generic structure [15] .
Processing 2.2.1. Lab-scale mixing: internal mixer
Both grades of PD,L-LA pellets were dried overnight at 55°C under vacuum prior to use in order to remove any excess moisture. SAmfE was stored overnight under vacuum. Melt blending of PD,L-LA and SAmfE was carried out in an internal mixer (Brabender Plastic-Corder W50EHT, Duisburg, Germany) with a mixing chamber volume of 55 cm 3 , at 180°C and with a screw rotation speed of 50 rpm. A continuous flow of N 2 with a pressure of 3.5 bars was introduced into the mixing chamber in order to minimize degradation. SAmfE was added after the total fusion of PD,L-LA (3 min.). In a first step, for each preparation, torque vs. mixing time was monitored for a prolonged time in order to follow the evolution of the reaction. An optimum reaction time of 13 min was deduced from these mixing experiments, as it will be explained in Section 3.1.1. Fresh blends were equally processed applying this optimum reaction time of 13 min. After the reaction the material was extracted from the mixing chamber and cooled to room temperature. The obtained material was ground and vacuumdried overnight at 55°C. Plates with a thickness of 1 mm were prepared by compression molding (40 bars) at 200°C for 10 minutes in a IQAP LAP PL-15 hot platen press.
Pilot plan scale:
one step reactive extrusion-calendering REX-Calendering process was performed in a corotating twin screw extruder 25 mm (L/D = 36), (KNETER 25X24D, COLLIN, Ebersberg, Germany). Prior to extrusion, PD,L-LA pellets were dried at 80°C for 3 hours in a PIOVAN (DSN506HE, Venice, Italy) hopper-dryer (dew point = -40°C) and kept during all the extrusion process under the same conditions. The SAmfE was powdered using a mortar and pestle and then stored under vacuum. The screw speed was 40 rpm, the residence time was 4 min and the extruder was operated by starve feeding. The following temperature profile was used: 150°C (feeding zone), 170°C (melting zone) and 175°C (metering zone and die). Both polymer and SAmfE were simultaneously introduced in the hopper of the feeding zone under a nitrogen blanket (2.5 bars) after that the production line was started and stabilized with raw PD,L-LA material. The feeding rate of the SAmfE was adjusted to the polymer feeding rate in such way that a nominal dosage of 0.5% weight/weight of SAmfE was obtained. Furthermore, vacuum was applied in the metering zone to remove any volatiles formed during the reaction. Sheets with 100 mm nominal width and a nominal thickness of 1 mm were calendered (Techline CR72T, COLLIN, Ebersberg, Germany). The chill roll temperature was set to 50°C. Using the above described processing parameters, about 40 m of calendered sheet were obtained. Samples prior to SAmfE addition (referred to as PLA-2 extr. and PLA-4 extr.) and also from the stabilized regime as it will be explain in Section 3.1.2.
(regime 2 at about 30 min) were analyzed (referred to as PLA-2-REX and PLA-4-REX). All prepared samples are specified in Table 2 . In order to ensure sufficient data on the terminal region, creep experiments were performed at 180°C under a constant stress of 19.56 Pa. The creep data were converted into the relaxation spectrum H(") using the NLREG method. Subsequently, the storage and loss modulus G"(!) and G#(!) were calculated by two Fredhom integral equations [16, 17] . Master curves were referenced at 180°C and were constructed from the combination of time-temperature superposition (TTS) and creep tests. The TTS principle was verified, plotting the phase angle delta versus the absolute value of the complex modulus [18] . The rheological parameters were analyzed using the 'modified Carreau-Yasuda equation' (c.f. Equation (1)) in order to take into account the several distinctly separated relaxation processes in the viscosity functions due to the possible presence of long chain branching (LCB) [19] : 
Results and discussion
Reactive extrusion of polyesters and epoxies as reactive agent has been extensively studied and the reactions are well established. Both polyester end groups (i.e. carboxyl and hydroxyl groups) can react with epoxy functional groups via ring-opening reactions, creating covalent bonds with hydroxyl groups [20] . However, a higher reactivity of epoxy towards the carboxyl groups compared to hydroxyl groups was reported in the literature [21] . This is due to the Table 2 . Nomenclature used for all processed samples in the study strong polarization of the hydroxyl groups of carboxylic acid [22] . Since a polyfunctional SAmfE was used in this work (functionality f n $ 12) and based on previous works dealing with reactions between polyesters and epoxies, a variety of different polymer topologies may be obtained, as shown in Figure 3 . In a first step, PD,L-LA carboxyl groups open SAmfE 3.1. Reactive modification process monitoring 3.1.1. Lab-scale mixing: internal mixer As a first step, the effect of SAmfE addition on both PD,L-LA grades viscosity was evaluated in an internal mixing process as shown in Figure 4 . The torque versus time was monitored over a prolonged time (35 minutes) in order to follow the evolution of the reaction.
Grade
Although not shown in Figure 4 , the bulk temperature increased from 180 to 200°C during mixing process for all samples except PLA-2+1J. This is due to the mechanical shearing and the effect of the exothermal nature of the reaction. According to Figure 4 , the torque of PLA-2 and PLA-4 "neat" samples decreased monotonously over time. This decrease was more pronounced for PLA-2 "neat" samples than PLA-4 ones. This may be explained by the combination of two or more degradation mechanisms, namely backbiting and thermal degradation occurring during mixing process. On one hand PLA-2 presents a higher content of terminal functional groups (lower M n ) than PLA-4 (c.f. Table 1 ), which may act as a catalyst of backbiting degradation during processing. And on the other hand, as already observed by Bigg [23] for semicrystalline polyesters, the thermal degradation depends on the width of the processing windows. PLA-4 presents a broader processing window (200-T me = 42°C) than PLA-2 (= 27°C) according to their respective end melting signal temperature (c.f. Table 1 ) which will decrease the local shear field applied to the material during mixing and therefore the thermal degradation. A higher proportion of terminal functional groups (hydroxyl as well as carboxyl groups) was therefore produced for PLA-2 than PLA-4 during processing.
In contrast, when both PD,L-LA grades were mixed with SAmfE agent, a strong torque increase was observed. This increase was in all cases higher for PLA-2 than PLA-4 samples. This may be due to the higher amount of PD,L-LA terminal functional groups in PLA-2 samples which results in a higher reactivity towards SAmfE agent. As can be seen in Figure 4 , some torque fluctuations can be observed between 10 and 15 minutes for PLA-2+0.5J and PLA-4+1J samples. This might be a consequence of the stick and split behaviour on the wall of the internal mixer due to a possible increase of the melt elasticity.
The torque of PLA-2+1J sample did not reach stabilization over time but increased continuously, reaching a maximum around 28 minutes and then decreasing. Due to the high content of SAmfE and the apparent higher reactivity of PLA-2 a remarkable increase in viscosity was observed. Crosslinking reactions might have taken place together with branching reactions, giving rise to network structure formation (c.f. Figure 3h ). At some point (28 min) the combination of high bulk temperature (%215°C) and a high shear could initiate some degradation processes, resulting in a torque decrease as the network structure may be broken. An optimum reaction time under these conditions was considered as the point when the torque stabilized, avoiding an excessive reaction time to prevent the aforementioned secondary reactions. Considering these results, an optimum mixing time of 13 min was chosen which corresponds to the first Figure 4) ). Fresh blends using this chosen processing time of 13 min were produced. After melt blending, the materials were compression molded into thin sheets, the latter were used for further RDA and SEC characterization.
Pilot plant scale:
one step reactive extrusion-calendering Based on the internal mixer study and to minimize the risk of gelation due to the possible crosslinking reactions and low final product quality, the comparison between both PD,L-LA grades during the REX-calendering process was only carried out with a nominal SAmfE content of 0.5 w/w%. As a first step, frequency sweep tests at 190°C (exit temperature of the film) were carried out in order to determine the sheet length that showed the same modification degree. For these tests, the complex viscosity at 0.08 rad/s was used as the monitoring parameter and was determined in 15 points along the sheet length. Therefore, a profile of modification along the extruded sheet, expressed as extrusion time was plotted and represented in Figure 5 . As can be seen in Figure 5 , three different regimes were observed. The first regime corresponds to the time needed to reach the reactive entities saturation in the dosing zone of the extruder. In both cases this time was longer than in the previous internal mixer preparation (20 min versus 13 min). This situation could be expected if the dynamic nature (continuous flow) of the extrusion process is considered. It is well established in the industry that, the stabilization of a production line requires a specific time in order to reach a stable regime. For the processing conditions employed in this work, this was the case for REX-Calendered samples. In fact, a specific time was needed to reach the saturation of the reactive species involved such as carboxyl groups and epoxies. In the case of the internal mixer, it must be remembered that the mixing process works by batch in with no continuous 'discharge' of the bulk mixed is done contrary to the extrusion process. In the second regime, this saturation condition have been reached and all specimens possess a similar viscosity, indicating that a similar degree of modification (chain extension and/or branching) is obtained. The third regime shows a viscosity decrease because SAmfE dosage was stopped. It should be noted that the stabilization was reached after ~20 min for both PD,L-LA grades. Furthermore, a higher viscosity was reached in the case of PLA-2 compared to PLA-4 as was also observed in the internal mixer study.
Molecular weight distribution (MWD)
analysis SEC tests were performed on all of the samples in order to determine the difference in the molecular weight distribution due to the reaction of both PD,L-LA grades with SAmfE agent. Figure 6 shows the molecular weight distribution curves obtained for PLA-2 samples for both processing methods: (a) internal mixer samples and (b) REX-Calendered samples in which each curve was normalized by the maximum dW/dlog M of the "neat" and extr. grade, respectively. Similar curves were obtained for PLA-4 samples. According to SEC tests, unmodified PLA-2 "neat" (c.f. Figure 6a ) samples displayed a monomodal distribution which changed to a bi-and three-modal one with increasing SAmfE content. This was associated to the presence of two or three different hydrodynamic volumes, respectively, which could be a consequence of significantly different chain topologies. Substantially, a similar tendency could be seen for PLA-4 samples processed in the internal mixer, also exhibiting bi-and trimodal MWD. As can be seen in Figure 6b , a similar behaviour in the molecular weight distribution is noticeable for REX-Calendered samples. When SAmfE is added, a less evident bimodal distribution in these latter samples compared to internal mixer samples may be observed. Possibly, a less branched topology of the chains was generated due to a shorter reaction time. Therefore the differences in hydrodynamic volume were less pronounced in REX-Calendered samples and these less branched populations probably eluted together with the linear populations. Due to the linear topology of unmodified PLA samples, the first peak at low molecular weight for all modified samples was attributed to a linear population and the second peak (at higher molecular weight) to a branched chain population of the polymer. Special attention should be paid to the samples PLA-2+1J and PLA-4+1J processed in internal mixer. These samples reveal a third peak (Peak III) at very high molecular weight which may be attributed to the presence of highly branched populations or even to network structures. It is well known that classical SEC technique (monodetector) is not a suitable method to accurately determine the molecular weight of branched samples due to the fact that hydrodynamic volumes are greatly affected by the molecular topology. Preparative SEC experiments [24] and/or multi-detector technique may be a more appropriate technique to study modified samples but this analysis would be beyond the scope of this work. However, qualitative information about the complex molecular weight distribution can be extracted from classical SEC data in order to reveal a branching effect. Therefore, a deconvolution was applied to each size exclusion chromatogram in order to do a detailed analysis and results are presented in Table 3 . According to Table 3 , a drop in M w for unmodified PLA-2 and PLA-4 ("neat" and extr. ones) samples compared to raw, unprocessed materials was detected (c.f. Table 1 ). This is due to the action of different degradation mechanisms during processing. This decrease seems to be higher for PLA-2 sample processed in the internal mixer (PLA-2 "neat"). It appears that the mixing conditions in the internal mixer generated more degradation than in continuous extrusion process. For both mixing process, when 0,5 w/w% SAmfE was added, M w as well as the PDI of peak I increased, remaining the dominant fraction in all cases (higher relative area of the deconvolution). It could be a consequence of possible chain extensions coupled with co-elution problems of different chain topology structures. Slight differences between both mixing processes may be observed when comparing the relative areas of peaks I and II. As can be seen in Table 3 , for internal mixer samples, the relative area proportion attributed to chain branched topology (Peak II) is always higher compared to the REX-Calendered samples. This may be expected if the higher degree of degradation in internal mixer processing is considered. In fact, the formation of a higher concentration of carboxyl groups promoted an increase in coupling or branching reactions in the presence of the SAmfE agent and therefore a higher branching degree. Regarding the internal mixer preparation, when the SAmfE content was doubled (from 0.5 w/w% to 1 w/w%), the respective areas of peak II and III increased at the expense of peak I, indicating an increase of this 'new' chain topology content which was attributed to long chain branching and/or more complex topology structures (comb, tree or network structure). For PLA-2+1J sample, the summation of peak II and III relative areas exceeds the peak I area. Possibly a network structure coupled with long chain branching was generated due to the pronounced modification degree reached in this system. Evidence of this last assumption was obtained by visual inspection and solubility tests which showed the existence of gel structures.
Rheological characterization
Rheological master curves referenced at 180°C for internal mixer as well as REX-Calendered samples are shown in Figure 7 . Each sample exhibits a Newtonian plateau at low angular frequencies (except PLA-2+1J sample) and is shear thinned at high frequencies in its respective viscosity functions |# * (!)| as can be seen in Figure 7 . Special attention was paid for the analysis of PLA-2+1J samples prepared by internal mixing process (c.f. Figure 7a) . A clear shoulder in the viscosity functions |# * (!)| is observed at low angular frequencies. This is a common behaviour for heterogeneous systems. In fact, at least one of the different phases has different relaxation times such as emulsions, immiscible polymer blends or polymer/inorganic filler composites. In all these cases, the Palierne's model [25] has been found to successfully predict the linear viscoelastic behavior. In this model, the viscoelasticity of both phases as well as the hydrodynamic interactions, the droplet size, the size distribution and finally the interfacial tension between both phases are considered. However, this kind of analysis is beyond the scope of the present work.
The rheological behaviour of branched/partially crosslinked structures, such as the sample PLA-2+1J, may be predicted using their corresponding SEC data. In fact, the majority presence of populations with significant different molecular topology (such as populations corresponding to Peak II and Peak III in Figure 6a ) has quite distinct relaxation time compared to the linear population and commonly a shoulder is observed in its viscosity function at low angular frequencies.
As can be seen in Figure 7a and 7b for modified samples, the shear-thinning region of the viscosity function seems to present several curvatures. This latter observation leads to an insufficient accuracy to obtain a correct fitting of the viscosity function with the Carreau-Yasuda model. Stadler and Münst-edt [19] reported a similar behaviour in their studies, based on metallocene-catalyzed PE. The presence of long-chain branching brings a complexity in the relaxation processes, leading to the existence of additional curvatures in |! * (")|. As a result, the viscosity function may be categorized into three different types considering the shape of the double logarithmic derivative d log|! * |/d log " versus log " curve. A 'modified Carreau-Yasuda model' (c.f. Equation (1)) was therefore used in order to consider the several distinctly separated relaxation processes in the viscosity function to obtain a proper fitting of this latter one [19] . The double logarithmic derivative of the viscosity functions versus log " is showed in Figure 8a for internal mixer samples and 8b for REX-Calendered samples. As can be seen in Figure 8 for all unmodified PLA samples, the double logarithmic slope dlog|!*|/dlog" versus log " decreases monotonously which is the common behaviour for linear polymers. In contrast, all modified samples, excepting PLA-2+1J, show a shoulder in the double logarithmic derivative which is reflected in the viscosity functions by two different curvatures in the pseudoplastic zone. PLA-2+1J sample presents a minimum in the double logarithmic slope (indicated by an arrow) which may be the effect of its very high molecular mass M w (c.f. Table 3 ) or a very high degree of branching explained by the high content of reactive agent introduced during reactions (c.f. Figure 4) . As previously discussed by Stadler and Münstedt [19] , the modified Carreau-Yasuda model proposed is not able to fit this minimum and the validity of this model for highly branched polymers is questioned. Even though, and just for comparative study the modified Carreau-Yasuda model was fitted. Tables 4 shows the rheological parameters for PLA-2+1J samples. Some differences between both mixing processes may be observed when comparing the shape of the double logarithmic derivative versus log !. As can be seen in Figure 8a and 8b, the decrease in the double logarithmic derivative for modified REX-Calendered samples are initiated at substantially lower angular frequencies compared to modified internal mixer samples. Thus, the molecular modifications induced by REX-Calendering process seem to have a greater impact on the molecular dynamics during flow, increasing relaxation processes. Rheological parameters for internal mixing process and REX-Calendering process are presented in Tables 4 and 5 , respectively.
According to Tables 4 and 5 , the results suggest that the zero-shear viscosity as well as characteristic times ($ i ) increase with increasing SAmfE content. The transition region (% 1 ) between the Newtonian region and the first curvature is broadened together with the apparition of a second curvature. This behaviour reflects the presence of additional relaxation modes due to a possible presence of long chain branching topology generated during reactions [19] . PLA-2 and PLA-4 extr. samples present a somewhat higher zero shear viscosity compared to "neat" internal mixer samples according to Tables 4 and 5 . These results suggest that a higher level of degradation was developed during internal mixing preparation due to the higher thermo-mechanical exposition time (13 min.) compared to the REX-Calendered sample (4 min. of residence time), as also observed in SEC characterization. While the viscosity of the modified samples processed by REX-Calendering was increased at low angular frequencies ! (i.e. low shear rates), the difference was not as pronounced for values of shear rates near the usual extrusion (% 200 s -1 ) due to the increase of their shear-thinning character (decreased power law index) and the convergence to the same point. This leads to a desirable benefit on the industrial level as their processability is maintained without relevant changes in extrusion conditions. Table 4 . Rheological parameters at 180°C for the samples prepared by internal mixing process The results obtained up to that point suggest that the scaling up of the processing conditions from the internal mixing process to the one-step REX-Calendering process was correctly obtained. Since a onestep processing technique is of interest, samples produced during internal mixing will not be analyzed and only REX-Calendered samples will be considered for further analyses. Information regarding the melt elasticity can be found by considering the storage modulus (G") [26] .
As shown in Figure 7b , at high angular frequencies, G" values tend to converge to a similar point, somewhat higher in the case of the modified samples compared to the unmodified ones. As already observed by Han and Jhon [27] , the molecular weight distribution is the governing parameter at high frequency while the influence of the chain structure is minimal. This was also expected for the materials under study and verified by SEC analysis. More specifically, a slight increase in polydispersity index and the appearance of bimodal distributions can be observed (c.f. Table 3 ). According to the linear viscoelasticity predictions, the slope of log G" vs. Log ! is equal to 2 in the terminal regime [28] . PLA-2 extr. and PLA-4 extr. samples present the typical behaviour of linear polymers with the presence of a terminal regime at relatively high frequencies which indicates a fast relaxation process of the chains. However for modified samples, the terminal zone of the storage modulus is broadened and the transition is shifted to lower frequencies, indicating a longer relaxation process of a better cohesive network formation [29] . As already observed by Liu et al. [30] , this change of behaviour demonstrates the existence of randomly branched LCB in modified samples. Furthermore, G" shows higher values in the case of the modified samples, indicating an increase in the melt elasticity. This latter increase is more pronounced in the sample PLA-2-REX. Although randomly branched LCB was generated in the modified samples, the exact composition and chain topology is not known. It is believed to be a mix of several components, each one with a different chain topology such as long-chain, star, H or comb-shaped branched structures [31] . Typical spectroscopic methods do not work either in order to determine these structures due to erroneous results quantities. Otherwise, the combination of linear viscoelasticity and rheology may be a useful way to determine these structures. The phase angle ' instead of modulus (G"(!) and G#(!)) or viscosity (|# * (!)|) was taken into account to predict the exact topology due to its comparably higher sensitivity to chain structures. According to the theory of Trinkle and Friedrich [32] , the Reduced van Gurp-Palmen-plot (RvGP) is a more transparent way to show the correlation between rheological data with long chain branching features. This plot is a powerful way to characterize the polymer chain structure from small amplitude oscillatory shear experiments, independently of the polymer used, the characteristic elementary relaxation time $ 0 or the temperature and tacticity. As can be seen in Figure 9 , both unmodified PLA samples (extr. ones) exhibit the typical behaviour of a linear polymer with a curve reaching a phase angle of 90° for low |G * |/G n 0 ratios. This corresponds to the lower frequencies oscillatory range of the respective master curve, indicating a viscous behaviour [33] . Trinkle et al. [31] reported that changes in the curve behavior (phase angle ' lowered or curve flattened) was mainly due to the effect of long chain branching and complex topologies created. According to the RvGP curves of star-polymers (poly(ethane-altpropene)) proposed by Trinkle et al. [31] as well as the study of Lohse et al. [33] for well-defined polymer structures, the RvGP data at hand suggests the formation of asymmetric tree-arm star-branched polymers. PLA-2-REX seems to present longer arm lengths than PLA-4-REX due to the more pronounced bump at 60º [31] . As stated by the simulation performed by Liu et al [30] for PLA modified by a Dicumyl peroxide (DCP) samples and the similarity with Figure 8 for the storage modulus shape as well as Figure 9 for the delta shape, small amounts of asymmetric tree-arm star-branched polymers and linear chains in the modified samples may be expected. Based on a technique developed by Honerkamp and Weese [16] , the weighted relaxation spectrum "H(") was calculated from the linear relaxation spectrum H("). It reflects the chain relaxation time distributions for REX-Calendered samples. Those are related to different kinds of chain movements dictated by their topologies.
As can be seen in Figure 10 , both unmodified PLA samples (extr. ones) samples exhibit a short-time peak which is attributed to the reptation mechanism. It is the main relaxation process for linear polymers, which is the escape of chains by translation diffusion process along a tube. Moreover, Figure 10 shows the presence of two and three main relaxation peaks, respectively for PLA-4-REX and PLA-2-REX samples. As a consequence, the melt response times increased for these samples. This is possibly due to asymmetric tree-arm star-branched polymer chains generated during the extrusion process. Furthermore, the reptation mechanism is not inhibited due to the large proportion of remaining linear chains. However, it is superseded by primitive path fluctuations and constraint release relaxations which are cumulative effects of the diffusion of the ends of the arms back toward the central star junction [28] . The need to retract an entangled branch is necessary for the backbone relaxation giving rise to an important increase of relaxation times. Wood-Adams and Costeux [34] also observed a bi-modal distribution in the weight relaxation spectrum for long chain branched PE, as well as Dorgan et al. [35] for star PLA samples. For PLA-2-REX samples, relaxation times are always slightly larger due to longer arm lengths compared to PLA-4-REX. The area under the curve, which is related to the zero-shear viscosity and to the increase of molecular weight, confirms the results previously obtained.
Conclusions
For both reactive process employed in this work, results suggest a competition between polymer degradation and chain extension as well as chain branching reactions during processing. Internal mixer studies reveal a higher thermal sensitivity of PLA-2 during processing due to its narrower processing window and higher concentration of terminal functional groups compared to PLA-4. However, independently of the mixing process and the processing conditions employed, as a consequence of this more pronounced degradation, PLA-2 presents a higher reactivity towards the SAmfE agent during processing. SEC together with RDA results suggest a minimized degradation of the polymer in the REX-Calendering process. Considering these assumptions, the rheological characterization reveals a higher modifications degree of the melt rheological behaviour for REX-Calendered samples compared to internal mixer ones. Even though size exclusion chromatography presents some limitations with branched polymers due to co-elution problems, an increase in the molecular weight was detectable for all modified samples. Regarding the molecular weight distribution, some differences could be appreciated between internal mixer and REX-Calendered samples. In fact, for these latter samples, the bi-modal distribution is less pronounced compared to internal mixer samples, indicating a more homogeneous structure in samples processed by REX-Calendering. The presence of several curvatures in the shearthinning region of the rheological experiments suggests long chain branching in all modified samples. Differences in the double logarithmic derivative shape versus log ! between internal mixer and REXCalendered samples suggest that the molecular modifications induced by the latter processing mode increase the relaxation processes due to a better cohesive structure. Regarding REX-Calendered samples, the terminal zone of G" is broadened and shifted to lower frequencies which indicates that the melt elasticity of these samples is increased. In fact, the presence of possible asymmetric tree-arm star-branched polymers considerably increases the chain relaxation time.
